Secretogranin III (SgIII), a member of the granin family, binds both to another granin, chromogranin A (CgA), and to a cholesterol-rich membrane that is destined for secretory granules (SGs). The knockdown of SgIII in adrenocorticotropic hormone (ACTH)-producing AtT-20 cells largely impairs the regulated secretion of CgA and ACTH. To clarify the physiological roles of SgIII in vivo, we analyzed hormone secretion and SG biogenesis in newly established SgIII-knockout (KO) mice. Although the SgIII-KO mice were viable and fertile and exhibited no overt abnormalities under ordinary rearing conditions, a high-fat/high-sucrose diet caused pronounced obesity in the mice. Furthermore, in the SgIII-KO mice compared with wild-type (WT) mice, the stimulated secretion of active insulin decreased substantially, whereas the storage of proinsulin increased in the islets. The plasma ACTH was also less elevated in the SgIII-KO mice than in the WT mice after chronic restraint stress, whereas the storage level of the precursor proopiomelanocortin in the pituitary gland was somewhat increased. These findings suggest that the lack of SgIII causes maladaptation of endocrine cells to an inadequate diet and stress by impairing the proteolytic conversion of prohormones in SGs, whereas SG biogenesis and the basal secretion of peptide hormones under ordinary conditions are ensured by the compensatory upregulation of other residual granins or factors. (Endocrinology 159: 1213(Endocrinology 159: -1227(Endocrinology 159: , 2018 
S
ecretory granules (SGs) in endocrine cells are organelles that store bioactive peptides (peptide hormones and neuropeptides) and amines, which are exocytosed into the extracellular space in a calciumdependent manner in response to specific types of stimulation. SGs are initially formed at the trans-Golgi network (TGN), where two distinct processes, aggregation-mediated and receptor-mediated processes, are involved in the proper sorting of soluble secretory proteins to the SG (1, 2).
The importance of the aggregation-mediated process in SG biogenesis, which was first proposed by Kelly (3) , is highlighted by experimental findings showing that a family of acidic secretory proteins, designated granins, coaggregates with peptide hormones and amines at the TGN under conditions mimicking the intra-TGN milieu (4) (5) (6) . Thus, classical members of the granin protein family, such as chromogranin A (CgA), chromogranin B (CgB), and secretogranin II (SgII), may accelerate the aggregation/condensation of bioactive molecules, thus leading to the formation of SGs (4, (7) (8) (9) (10) (11) (12) (13) [for a review, see Bartolomucci et al. (14) ].
In parallel to the condensation of bioactive materials at the TGN via the aggregation-mediated processes, the aggregates must be localized properly to SGs via the receptor-mediated process; thus, certain soluble protein (s) in the aggregates should be recognized by specific peripheral or transmembrane receptor molecules destined for SGs. Membrane-associated carboxypeptidase E (CPE) has been proposed as a candidate for the sorting receptor molecule because proopiomelanocortin (POMC) is missorted to the constitutive pathway in both CPE-downregulated Neuro-2a cells and in the pituitary intermediate lobe in mice lacking CPE (Cpe fat mice) (15) . We have found that an alternative receptor molecule that carries the aggregates toward the SGs, secretogranin III (SgIII), specifically binds to another granin protein, CgA (16) . Although SgIII has been classified as a member of the granin protein family on the basis of its biochemical properties and tissue distribution (17, 18) , its functional significance remained unclear until the discovery that it binds to CgA. Our successive biochemical analyses have revealed that SgIII also binds specifically to the cholesterolrich membrane domain of the TGN, thus suggesting that SgIII functions as a bridge between the core aggregates, which include CgA and a cholesterol-rich membrane destined for the SGs (16, 19) . Moreover, SgIII does not merely bind to CgA with a one-to-one stoichiometry, but it also binds to CgA aggregates, including other bioactive peptides, such as adrenomedullin, a major peptide hormone in chromaffin cells (8) . These findings suggest that SgIII, CgA, and other constituents of SGs, including CPE, cooperatively form a sorting platform for prohormones toward SGs at the TGN via both aggregation-and receptor-mediated mechanisms (15, (20) (21) (22) .
To confirm the functional significance of SgIII in the biogenesis of SGs, we recently knocked down the expression of SgIII in AtT-20 cells derived from pituitary corticotropes of mice. Knockdown of SgIII in AtT-20 cells greatly impaired the intracellular retention of CgA, and only a trace amount of CgA remained in vacuoles derived from the TGN, confirming the significance of SgIII in the tethering of CgA-containing aggregates and in the maintenance of the proper ultrastructure of the TGN and SG (23) . Although similar results by others have confirmed that SgIII plays a crucial role in the proper sorting of peptide hormones in cultured cells (22) , the functional significance of SgIII in vivo is not yet established: mice lacking the genomic region, which includes SgIII (formerly designated 1B1075) (18) , exhibit no apparent defects in viability, fertility, or locomotor behavior (24) .
To clarify further the putative roles of SgIII in vivo in the proper sorting of prohormones to SGs and the secretion of active peptide hormones, we analyzed a newly generated line of SgIII-knockout (KO) mice in the current study. Similar to the mice lacking the 1B1075 gene, the SgIII-KO mice exhibited no overt anatomical or behavioral abnormalities when they were maintained under normal conditions. However, abnormalities in the weight-gain curves and glucose tolerance were manifested when the SgIII-KO mice were fed a high-fat and high-sucrose (HF/ HS) diet, as described in Results. On the basis of the findings of the current study, we discuss the putative redundancy of the sorting mechanisms that ensures the basal secretion of the peptide hormone under ordinary conditions and the contribution of SgIII to the proteolytic conversion of prohormones to active hormones, a process that may be especially important under stress conditions.
Materials and Methods

SgIII-KO mice
All animal experiments were performed in compliance with relevant laws and guidelines by the Care and Use of Laboratory Animals of the Research Council of Akita Prefectural University (Approval Number 17-03). Heterozygous SgIII +/2 mice (Het; B6; 129S-Scg3tm1Lex strain), including a gene-trapping vector (25) at position 75647948 on chromosome 9 of C57BL/6J (Fig. 1A) , were purchased from The Jackson Laboratory (Bar Harbor, ME ; WT) mice were generated by intercrossing Het mice, and the genotypes of the offspring were determined by amplifying the SgIII alleles and the gene-trapping cassette by polymerase chain reaction (PCR) with the appropriate primers, designed according to the genomic sequence (Fig. 1B) . The mice were maintained on a 12-hour light-dark cycle and given free access to tap water and standard chow (CRF-1; Oriental Yeast, Osaka, Japan). For the diet-induced obesity study, 9-week-old male animals were fed a HF/HS diet (F2HFHSD; Oriental Yeast), consisting of protein (17.2% of energy intake), fat (54.5%), and carbohydrate (28.3%) for 6 weeks (26). To confirm a deficiency of SgIII messenger RNA, total RNA from the whole brain of the WT, SgIII-KO, and Het mice was electrophoresed on an agarose gel and then blotted onto a nylon membrane (Hybond-N + ; GE Healthcare, Little Chalfont, UK). The blot was hybridized with radiolabeled complementary DNAs encoding rat SgIII 1-471 (Fig. 1C) . To confirm a lack of SgIII protein, total tissue extracts from WT, SgIII-KO, and Het pituitary glands were immunoblotted with anti-SgIII antibodies (aSgIII-N terminal and aSgIII-C terminal; Fig. 1D ).
Antibodies
Rabbit polyclonal aSgIII (SgIII-N#1 and SgIII-C#6) and aSgII (SgII-#23) antibodies were prepared and characterized, as described in our previous studies (16, 27) . The following antibodies were purchased: anti-C peptide (4020-01; rabbit polyclonal; Linco, St. Charles, MO), anti-CgA 94-130 (Y291; rabbit polyclonal; Yanaihara Institute, Fujinomiya, Japan), anti-CPE (610759; mouse monoclonal; BD Biosciences, Franklin Lakes, NJ), anti-adrenocorticotropic hormone (ACTH; Ab-1; mouse monoclonal; Laboratory Vision, Fremont, CA), anti-prohormone convertase (PC) 1/3 (AB10553; rabbit polyclonal; Merck Millipore, Darmstadt, Germany), anti-PC2 (H-68; rabbit polyclonal; Santa Cruz Biotechnology, Dallas, TX), and anti-b-actin (A5316; mouse monoclonal; Sigma-Aldrich, St. Louis, MO).
Glucose and insulin tolerance tests
A glucose tolerance test (GTT) and an insulin tolerance test (ITT) were performed, according to the procedure of Gomi et al. (28) . To assess glucose tolerance, male littermates or age-matched mice, fasted overnight for 16 hours, received GTT glucose (1 mg/g body weight) by intraperitoneal (IP) injection of an appropriate volume of 20% glucose solution in normal saline. The glucose concentration in tail vein blood samples was measured using a Glucocard meter (Arkray, Kyoto, Japan) at 0 (preinjection), 15, 30, 60, and 120 minutes after glucose administration. To assess insulin sensitivity, male littermate mice, fasted for 6 hours before ITT, received an IP injection of human recombinant insulin (0.75 units/ kg body weight; Humulin R; Eli Lilly Japan, Kobe, Japan), and then the glucose level in tail vein blood samples was measured at 0 (preinjection), 30, 60, and 90 minutes after injection.
Plasma insulin levels
To assess the plasma insulin and proinsulin levels, male littermates or age-matched mice were fasted overnight for 16 hours. The mice received glucose (1 mg/g body weight) by IP injection of an appropriate volume of 20% glucose solution in normal saline, and then the plasma insulin and proinsulin levels in tail vein blood samples were measured using mouse insulin (10-1249-01; Mercodia AB, Uppsala, Sweden) and rat/mouse proinsulin (10-1232-01; Mercodia AB) enzyme-linked immunosorbent assay (ELISA) kits, respectively, at 0 and 30 minutes after glucose administration.
Insulin secretion from islets
Pancreatic islets were isolated after injection of 500 U/mL collagenase (type XI; Sigma-Aldrich) through the pancreatic duct and subsequent digestion at 37°C for 30 minutes with mild shaking, as described previously (28) . The islets were handpicked under a dissection microscope and cultured in RPMI-1640 medium with 10% fetal bovine serum for 24 hours and then further cultured in low-glucose Dulbecco's minimum essential medium (1 g glucose/L) with 10% fetal bovine serum. To determine whether insulin was released by regulated secretion, the amounts of insulin secreted from seven islets in 30 minutes were measured both under low glucose (LG: 2.8 mM) and high glucose (HG: 25 mM) conditions in Krebs-Ringer buffer [15 mM HEPES (pH 7.4), 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 24 mM Na 2 HCO 3 , 2.8 mM glucose, and 0.1% bovine serum albumin]. To evaluate the storage of insulin in islets, insulin was extracted from the islets after a secretion assay in an acid-ethanol solution (70% ethanol and 0.18 M HCl). Insulin, both secreted into the medium and stored in islets, was measured with a mouse insulin ELISA kit (S-type; AKRIN-011S; Shibayagi, Gunma, Japan). According to the manufacturer's information (Shibayagi), the insulin ELISA assay kit (S-type) is highly specific for mature insulin, but it does not react with proinsulin. Proinsulin in islets was measured with a rat/mouse proinsulin ELISA kit (S-type; AKMPI-111; Shibayagi) that is highly specific for proinsulin but does not react with insulin. anti-SgIII C-terminal antibody 50 anti-β-actin antibody 
Protein expression analysis
Pancreatic islets and pituitary glands of mice were solubilized in 20 mM HEPES (pH 7.4), containing 0.1 M NaCl, 1 mM EDTA, 1% Triton X-100, 0.4 mM phenylmethanesulfonyl fluoride, and a protease inhibitor cocktail (Nakalai Tesque, Kyoto, Japan). The tissue extracts were centrifuged at 11,000 g for 10 minutes at 4°C to produce the protein sample solutions. An aliquot of soluble extracts was subjected to SDS-PAGE and subsequent immunoblotting. The protein quantity was estimated via densitometry of the immunolabeled band at the appropriate molecular weight using LAS4000 (General Electric, Fairfield, CT) software.
Histological analyses
For histological assessment of pancreatic islets, the pancreas was excised from SgIII-KO and WT mice fed normal or HF/HS diets (three mice per experimental group), immediately after the mice were euthanized by cervical dislocation under light isoflurane anesthesia, and the pancreatic tissues were further fixed in Bouin solution, rinsed in 0.1 M phosphate buffer (pH 7.2), dehydrated in a graded alcohol series, and embedded in paraffin. Three independent sections (8 mm thick) per mouse (nine sections per experimental group) were then obtained by cutting the paraffin-embedded tissue blocks with a sufficient interval (500 mm) to avoid double sampling of identical islets. The sections were stained with hematoxylin and eosin for further analyses.
The volume density of islets in the pancreatic tissue was estimated by the point-counting method, according to Weibel (29) . In brief, 10 independent fields per hematoxylin and eosinstained section (90 fields per experimental group) were selected with sufficient spacing to avoid double sampling, and they were photographed with a light microscope equipped with a 103 objective lens (Olympus, Tokyo, Japan). For each micrograph, a lattice with 70 mm spacing (total test point: 130 per micrograph) was overlaid, and the numbers of test points on the pancreatic islets and on the other tissue components were counted separately. To estimate the volume densities, the number of test points on the islets was divided by the total number of test points on the pancreatic tissue.
Size differences in individual pancreatic islets among experimental groups were also morphometrically evaluated. All of the observed islets in the previous tissue sections (nine sections per experimental group) were photographed with a light microscope, equipped with a 103 objective lens, and the profile areas of individual islets were measured with ImageJ software (National Institutes of Health, Bethesda, MD; https:// imagej.nih.gov/ij/). The means and standard deviations of the morphometric data were calculated and statistically analyzed with KaleidaGraph software (Synergy Software, Reading, PA).
Electron microscopy
The ultrastructure of the pancreatic tissues from SgIII-KO and WT mice was analyzed by electron microscopy, as described previously (30) . In brief, mice that had been anesthetized with ketamine/xylazine (100:10 mg/kg body weight) were perfused with 5 mL physiological saline, followed by 25 mL 2% glutaraldehyde-2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. The pancreas and pituitary gland were quickly excised, cut into small pieces, and immersed in the same fixative at 4°C for 24 hours. After thorough washing with 0.1 M phosphate buffer (pH 7.2) containing 7.5% sucrose, the samples were postfixed with 1% OsO 4 in 0.1 M phosphate buffer containing 7.5% sucrose (pH 7.2) at 4°C for 2 hours. After postfixation, the samples were dehydrated in a graded alcohol series and embedded in epon 812. Ultrathin sections cut from epon-embedded tissue blocks were stained with saturated aqueous solutions of uranyl acetate and lead citrate and examined with a Hitachi H-7650 electron microscope (Hitachi High-Technologies, Tokyo, Japan).
Size differences of the SGs among experimental groups were morphometrically evaluated. The pancreatic b cells were randomly photographed at a magnification of 20003 by electron microscopy (20 photographs per experimental group), and the profile diameters of SGs and their inner aggregate cores were measured with ImageJ software. The means and standard deviations of the data were calculated and statistically analyzed with KaleidaGraph software.
Restraint stress model
To evoke a chronic response in the hypothalamic-pituitaryadrenal (HPA) axis to immobilization stress (31), the mice were restrained in a transparent, 50-mL plastic conical tube with air holes for ventilation, as described by Murthy et al. (32) . The potency of the restraint stress was assessed by measuring the plasma ACTH concentration. The immunoreactive ACTH levels in the blood plasma obtained from the tail veins of the mice were measured with an ACTH immunoradioactive assay kit (Mitsubishi Chemical Medience, Tokyo, Japan). Mice exposed to restraint stress for 6 hours per day for 21 consecutive days were euthanized immediately after restraint on day 21, and the pituitary glands removed from the mice were rapidly frozen on dry ice and stored at 280°C until they were used for immunoblotting analyses.
Subcellular fractionation using a linear sucrose density gradient
Subcellular fractionation was performed as described previously (19, 23) . Mice were anesthetized with sodium pentobarbitone (5 mg/mouse), and the whole pituitary gland was aseptically removed. Pituitaries from five mice were homogenized together in buffer A [250 mM sucrose, 4 mM HEPES, pH 7.4, 1 mM MgCl 2 , 0.005% DNase, and a protease inhibitor mixture (1 mg/mL each of aprotinin, leupeptin, and pepstatin A and 0.4 mM phenylmethylsulfonyl fluoride)]. The homogenate was centrifuged at 3000 g for 2 minutes, and the resulting supernatant was recentrifuged at 5000 g for 15 minutes at 4°C. This postnuclear supernatant was centrifuged at 26,000 g for 15 minutes. The resultant pellet, representing the crude organelle fraction, was suspended in 0.8 mL buffer A with 1.5 mM EDTA and layered onto a sucrose density gradient (20% to 70%, weight/volume), which was generated using a tilt tube in a Gradient Master (BioComp Instruments, New Brunswick, Canada). After centrifugation at 113,000 g for 18.5 hours at 4°C in a P40ST swing rotor (Hitachi High-Technologies), the gradients were fractionated by piston displacement from the top to the bottom using a piston gradient fractionator (BioComp Instruments).
Statistical analysis
For analyses of two groups, the P values were determined by an unpaired two-tailed t test. For analyses of three or more groups, the P values were determined by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc correction. P , 0.05 was considered statistically significant.
Results
SgIII-KO mice exhibited abnormal obesity with impaired glucose tolerance after being fed an HF/HS diet
The insertion of the gene-trapping cassette into the genome (depicted in Fig. 1A ) and the messenger RNA expression of SgIII in SgIII 2/2 (SgIII-KO), SgIII 2/+ (Het), and SgIII +/+ (WT) mice were examined by PCR (Fig. 1B) and Northern blotting (Fig. 1C) , respectively. A lack of SgIII expression in the KO mice (SgIII 2/2 ) was also confirmed at the protein level by immunoblotting with both anti-N terminal and anti-C terminal SgIII antibodies (Fig. 1D) . SgIII-KO mice were fertile and exhibited no overt anatomical or behavioral abnormalities, as previously reported for mice lacking the genomic region, including the SgIII (1B1075) gene locus (24) . The size and shape of the ear in SgIII-KO mice at 12 weeks of age appeared normal (WT: 102.0 6 0.4 mm 2 ; SgIII-KO mice: 102.4 6 0.4 mm 2 ), although the mice lacking the genomic region that included the 1B1075 gene exhibited an abnormal short-ear phenotype (24) .
A difference in the weight-gain curves, starting at 10 weeks of age, was not observed between the SgIII-KO and WT mice when the mice were maintained on a normal diet ( Fig. 2A, left) . However, a substantial difference in the weight-gain curves was observed when the mice were fed an HF/HS diet. SgIII-KO mice fed an HF/HS diet, starting at 10 weeks of age, gained substantially more weight than the WT and Het mice (P , 0.01: WT vs SgIII-KO; Fig. 2A,  right) . However, the food intake of SgIII-KO mice did not show any substantial differences compared with that of WT mice, regardless of the diet (Fig. 2B) .
Although no substantial differences in glucose tolerance were observed between the SgIII-KO and littermate WT mice fed a normal diet at 16 weeks of age (Fig. 3A, right) , the obese SgIII-KO mice fed the HF/HS diet showed substantially greater excursions in blood glucose, 15 to 120 minutes after an IP glucose challenge (1 mg/g body weight) compared with the WT mice fed an HF/HS diet (Fig.  3A, left) . The plasma insulin level of SgIII-KO (SgIII 2/2 ) mice fed the HF/HS diet was substantially lower at 30 minutes after an IP glucose challenge than that of WT mice (approximately one-half that of the WT mice), whereas SgIII-KO and WT mice fed a normal diet showed no substantial differences in insulin secretion (Fig. 3B ). In contrast, the blood glucose level response after an IP insulin injection (ITT) showed no substantial differences among the SgIII-KO and WT mice, regardless of diet (Fig. 3C ). These findings suggested that an HF/HS diet enhances obesity in the SgIII-KO mice as a result of glucose intolerance, with a substantial decrease in the secretion of insulin into the circulation but without substantial changes in insulin sensitivity. In addition, residual amounts of SgIII (50%) in Het mice may be effective for the processing/secretion of mature insulin and glucose tolerance to a certain extent, in contrast to the SgIII-KO mice ( Fig. 3A and 3B ). This finding may suggest that a small amount of SgIII can partially exert its own function to aid the conversion of proinsulin into insulin in the pancreatic b cells of Het mice, as previously reported in PC12 cells (8) .
Deletion of SgIII decreased the stimulated release of insulin from pancreatic islets in a diet-induced obesity model To assess whether insulin was properly secreted from the pancreatic islets of SgIII-KO mice, we measured the amounts of insulin secreted from isolated pancreatic islets from both SgIII-KO and WT mice in response to glucose 40   16  15  14  13  12  11  10  16  15  14  13  12  11  10   16  15  14  13  12  11  10  16  15  14  13  12  11 (SgIII-KO; C), and SgIII +/2 (Het; ¤) male mice were fed either normal or HF/HS diets from 10 to 16 weeks of age. Values are the means 6 standard error of the mean (n = 6 and 12 for normal and HF/HS diets, respectively). *P , 0.05, **P , 0.01, ***P , 0.001. P values were determined by one-way ANOVA, followed by Bonferroni post hoc corrections. NS, not significant vs respective WT group.
doi: 10.1210/en.2017-00636 https://academic.oup.com/endo (Fig. 4) . When the islets were isolated from mice fed the normal diet, there were no substantial differences between the SgIII-KO and WT islets in basal insulin secretion cultured in LG (2.8 mM glucose) medium for 30 minutes (Fig. 4A, left) . Under HG (25 mM glucose) culture conditions, the insulin secretion increased approximately twofold over the basal level, although there were no substantial differences in the amounts of stimulated release of insulin between the SgIII-KO and WT islets (Fig. 4A, right) . These findings suggested that both the SgIII-KO and WT islets properly responded to HG stimulation when the islets were derived from the mice fed the normal diet. When the islets were isolated from the mice fed the HF/HS diet, the basal insulin secretion under LG conditions slightly, but not substantially, increased and decreased in the WT and SgIII-KO islets, respectively (Fig. 4B, left) . However, there was a substantial difference in the stimulated secretion of insulin under HG conditions between WT and SgIII-KO islets; the secretion of insulin from the WT islets increased twofold over the basal level in response to HG stimulation, similar to the islets derived from WT mice fed the normal diet, whereas secretion from the SgIII-KO islets was only slightly higher than the basal secretion level (Fig. 4B, right) . These findings indicated that the secretion of insulin from the WT islets adaptively increased to meet the increased insulin demand induced by the HF/HS diet, whereas the SgIII-KO islets could not meet the increased demand.
A marked difference in the storage of insulin in the islets was observed between the WT and SgIII-KO mice receiving the HF/HS diet; the insulin content in the WT islets was substantially higher than that in the SgIII-KO islets (Fig. 4D) , but there were no substantial differences in the insulin content in the islets between the WT and SgIII-KO mice fed the normal diet (Fig. 4C) . These findings suggested that the glucose intolerance with a decrease in insulin secretion observed in the obese SgIII-KO mice resulted from the insufficient adaptation of the islets to an increased demand for insulin induced by the HF/HS diet.
HF/HS diet induced an abnormal accumulation of proinsulin in the pancreatic islets in SgIII-KO mice, owing to insufficient conversion of proinsulin into the mature form Next, we used immunoblot analyses to determine whether a lack of SgIII affected the expression of SG GTT on littermate or age-matched SgIII +/+ (WT), SgIII 2/2 (SgIII-KO), and SgIII +/2 (Het) male mice at 16 weeks of age. Temporal changes in blood glucose levels after an IP injection of glucose (2 g/kg body weight) to mice fed (left) normal and (right) HF/HS diets are shown (n = 10 for each experimental group). Values are the means 6 standard error of the mean (SEM). **P , 0.01, ***P , 0.001. P values were determined by one-way ANOVA followed by Bonferroni post hoc correction. NS vs respective WT group. (B) Changes in the plasma insulin levels of littermate or age-matched WT, SgIII-KO, and Het male mice after an IP glucose injection (n = 6 for each group). Values are the means 6 SEM. ***P , 0.001, unpaired two-tailed t test. (C) ITT in age-matched WT, SgIII-KO, and Het male mice at 16 weeks of age. Temporal changes in blood glucose levels after an IP injection of insulin (0.75 U Humulin R/kg body weight) to mice fed (left) normal and (right) HF/HS diets are shown (n = 6 for each experimental group). Values are means 6 SEM. NS, no statistically significant differences among the experimental groups were detected by one-way ANOVA.
constituents in the pancreatic islets (Fig. 5 ). There were no differences in the storage levels of proinsulin in the islets among the WT, Het, and SgIII-KO mice fed a normal diet. However, if the mice were fed the HF/HS diet, the storage of proinsulin in the islets markedly increased, although the increase was substantially higher in SgIII-KO mice than in WT mice ( Fig. 5A and 5B). To confirm the immunoblot analyses, we also measured the amounts of proinsulin in plasma and islets of WT and SgIII-KO mice by ELISA (Supplemental Fig. 1 ). The amounts of proinsulin in both the plasma and islet significantly increased in SgIII-KO mice compared with WT mice when the mice were fed the HF/HS diet, whereas there was no statistically significant difference between the two groups of mice fed a normal diet (Supplemental Fig. 1A and 1C) . Together with the decrease in both the stimulated secretion of mature insulin into the circulation (Fig. 3B ) and the storage level of insulin in the pancreatic islets (Fig. 4D) in SgIII-KO mice fed the HF/HS diet, the proinsulin-to-insulin ratio statistically increased in both the plasma and islets of SgIII-KO mice fed the HF/ HS (Supplemental Fig. 1C and 1D ). These data indicated that proinsulin may not have been sufficiently converted into the mature form in the islets of obese SgIII-KO mice fed the HF/HS diet.
Because granin proteins and CPE are representative constituents of SGs in endocrine cells and putatively contribute to the sorting and processing of peptide hormone precursors (14), we also examined the expression of these proteins in the islets of SgIII-KO, Het, and WT mice. The HF/HS diet substantially increased SgIII storage in WT mouse islets (Fig. 5C) , thus suggesting that SgIII may be required to adapt to the increase in demand for insulin induced by an HF/HS diet. The amount of b-granin, a processed form of CgA, also increased in the islets of WT mice receiving the HF/HS diet (Fig. 5D ), in agreement with the increase in SgIII, a specific binding partner protein of CgA (16, 17) . However, in the SgIII-KO mice, the amount of b-granin in the islets did not change, even after the HF/ HS diet was administered, and was substantially lower than that of WT mice (Fig. 5D ). The amounts of CPE, another representative constituent of SGs, also markedly increased in the islets of mice receiving the HF/HS diet, although there were no substantial differences in the amounts of CPE in the islets of mice receiving the same diet (Fig. 5E ).
Histology and ultrastructure of pancreatic islets
At the light microscopic level, no apparent changes in the histology of pancreatic islets were discerned among experimental groups (Fig. 6A) , although a few vacuoles, as a result of accumulation of lipid droplets, were observed focally in the exocrine acinar cells, both of the WT and SgIII-KO mice fed the HF/HS diet. To estimate quantitatively the differences in pancreatic islet mass among experimental groups, we morphometrically measured the volume densities of islets in the pancreatic tissue and the profile areas of the individual islets observed (Table 1 ). The volume density of islets in the pancreatic tissue of SgIII-KO mice appeared slightly larger than that of WT mice when the mice were fed the normal diet, and the volume densities of islets seemingly increased when the mice were fed the HF/HS diet for 6 weeks, although no substantial differences were detected among the experimental groups by oneway ANOVA. The relatively large variance among the individual counting data originating from the irregular occurrence of islets in the pancreatic tissue might Values are the means 6 standard error of the mean (n = 6 per group). Experiments were performed on littermate or age-matched mice from het 3 het breeding pairs. *P , 0.05; **P , 0.01; ***P , 0.001, unpaired two-tailed t test.
doi: 10.1210/en.2017-00636 https://academic.oup.com/endoconceal subtle differences among the experimental groups. The differences in the individual sizes of the observed islets exhibited a similar tendency; the mean profile area of islets in the pancreas of SgIII-KO mice was slightly larger than that of WT, and it increased when the mice were fed the HF/HS diet, although a substantial difference was found only between the WT mice fed the normal diet and the SgIII-KO mice fed the HF/HS diet by one-way ANOVA, followed by Bonferroni post hoc correction (P , 0.01). These morphometric analyses indicated that the mass of pancreatic islets was not drastically changed in the SgIII-KO mice, even if the islet mass increased somewhat to meet the increased demand of insulin by the HF/HS diet. Additionally, at the electron microscopic level, no apparent differences in the ultrastructure of the individual SGs in the pancreatic b cells were observed between the SgIII-KO and WT mice or between mice receiving the normal or HF/HS diet (Fig. 6B) . The mean profile diameter of the SGs and aggregated cores was slightly increased when the mice were fed the HF/HS diet, but no statistically significant differences in these parameters were found among the experimental groups based on morphometric analysis (Supplemental Table 1 ), thus suggesting that SgIII-KO and the HF/HS diet do not cause drastic alterations in the ultrastructure of pancreatic b cells.
POMC stored in the pituitary gland in the SgIII-KO mice was insufficiently converted to secretory ACTH to fulfill the increased demand induced by restraint stress As the anterior pituitary is another major site that expresses SgIII, we next examined whether a lack of SgIII might affect the functional state of the HPA axis. For this purpose, we exposed male WT, SgIII-KO, and Het mice to restraint stress for 21 days (duration of the restraint stress: 6 hours per day), as previously described in studies on the behavioral and biological symptoms associated with depressive disorders (32, 33) . There were no substantial differences between the plasma ACTH level of SgIII-KO and that of WT mice kept under control conditions without the restraint stress, and as expected, the plasma ACTH levels were substantially elevated in the mice exposed to chronic restraint stress for 21 days (Fig. 7A) . However, the plasma ACTH level of the SgIII-KO mice exposed to daily restraint stress was substantially lower than that of WT mice (Fig. 7A) . The storage levels of POMC, the precursor of ACTH, were also similar in the pituitaries of WT, Het, and SgIII-KO mice in the absence of restraint stress (Fig. 7B and 7C) . However, after the mice were exposed to daily restraint stress for 21 days, the storage of POMC in the pituitary markedly increased, although the degree of the increase was substantially higher in the SgIII-KO mouse pituitary than in that of the WT (Fig. 7C) . The lower level of plasma ACTH with the higher storage of POMC in the pituitary of the SgIII-KO mice observed in the restraint stress model suggested that POMC in the SgIII-KO mouse pituitary corticotropes was not sufficiently converted into the mature form of ACTH.
For the other constituents of SGs, such as granins and CPE, the amounts of these proteins in the pituitary pro-insulin 10 Data are presented as the means 6 standard error of the mean (n = 12). **P , 0.01; ***P , 0.001, unpaired two-tailed t test. NS, no statistically significant differences were found among the experimental groups, as indicated by one-way ANOVA.
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changed after exposure of the mice to the restraint stress, similar to the amounts in the pancreatic islets after the mice received the HF/HS diet. The restraint stress substantially increased SgIII storage in the WT mouse pituitary, thus suggesting the involvement of SgIII in the adaptation to restraint stress (Fig. 7D) . The storage levels of the full-length form of SgII, another granin protein that was more highly expressed in the pituitary than in the pancreatic islets (Supplemental Fig. 2) , were similar in the pituitary of the mice under the control condition. The SgII storage level increased substantially in the restraint stress model, although the amount of the increase was substantially higher in the pituitary of the SgIII-KO mice than in the pituitary of the WT mice (Fig. 7E) . The amount of b-granin derived from CgA also increased in the pituitary of the mice in the restraint stress model (Fig. 7F) , but the degree of the increase was different between the WT and SgIII-KO mice; the amount of b-granin in the pituitary of SgIII-KO mice was substantially lower than that in WT when the mice were subjected to restraint stress for 21 days (Fig. 7F) . This finding suggested that the proteolytic processing of CgA and POMC was impaired in SgIII-KO mouse pituitary corticotropes under stress conditions. However, the amount of CPE also substantially increased in the pituitary in mice under restraint stress, although there were no substantial differences among the WT, SgIII-KO, and Het mice (Fig. 7G) .
Processing enzymes can be localized to SGs despite the absence of SgIII
As proinsulin in the pancreatic islet b cell is cleaved by PC1/3 (at the B-chain/C-peptide junction) and PC2 (at the C-peptide/A-chain junction) (34, 35) , we further compared the amount of PC1/3 and PC2 in the pancreatic islets of WT, Het, and SgIII-KO mice fed a normal diet or an HF/HS diet. The amount of PC1/3 increased in SgIII-KO mice compared with the WT mice, irrespective of diet ( Fig. 8A and 8B ). PC2 did not show any substantial differences with that of WT mice, regardless of the diet.
As PC1/3, but not PC2, is involved in the proteolytic processing of POMC to ACTH in the pituitary glands (36), we next examined the changes in the amount of PC1/3 in the pituitary (Fig. 8C and 8D ). The amount of PC1/3 substantially increased in the pituitary of mice under restraint stress. SgIII-KO did not substantially affect the amount of PC1/3 ( Fig. 8C and 8D) . Furthermore, the intracellular localization of PC1/3 and CPE in SGs was confirmed by subcellular fractionation (Fig. 8E) . Subcellular organelles of pituitaries from WT mice under control conditions (Fig. 8E, middle) and SgIII-KO mice under restraint stress (Fig. 8E, bottom) were separated into 16 fractions by sucrose density gradient centrifugation. Fractions 11-13 were identified as those containing SGs by the immunoradioactive assay for ACTH (Fig. 8E, top) . In the pituitaries of SgIII-KO mice under restraint stress, PC1/3 and CPE were also accumulated in fractions 11-13, suggesting that processing enzymes could be localized to the SGs despite the absence of SgIII. 
Discussion
In endocrine cells, peptide hormones and neuropeptides, which are synthesized as larger precursor forms with a signal peptide (preprohormones) in the rough endoplasmic reticulum, are transported to the Golgi apparatus after removal of the signal peptide (37) . The prohormones are then sequentially modified by the Golgi-resident enzymes and are sorted to their proper destinations at the TGN (38) and SGs for regulated secretion (39) . The active hormones are finally generated in immature and mature SGs by proteolytic conversion via processing enzymes (40) . Although the detailed mechanisms that ensure proper prohormone sorting to the SGs are still elusive, our previous studies have clearly demonstrated that the granin protein SgIII appears to play a role in SG biogenesis in endocrine cells by binding specifically to both CgA in the core aggregates of soluble secretory products (16) and cholesterolrich domains in the SG membranes (17, 19) . SgIII knockdown in POMC/ACTH-producing AtT-20 cells impairs the transport of SG contents, such as CgA and POMC, and anomalous vacuoles are found at the TGN, where a trace amount of CgA has been found to form only tiny core aggregates with POMC (23) . A recent study by others has confirmed that the continuous decrease in SgIII expression in AtT-20 cells causes POMC leakage via constitutive secretion (22) , thus supporting the contribution of SgIII to the proper sorting and secretion of peptide hormones.
In contrast to the results of the biochemical studies with cultured cells described previously, mice lacking the SgIII gene locus (formerly designated the 1B1075 gene) exhibit no overt defects in anatomy and physiological functions (24) . The SgIII-KO mice in the current study also appeared to have normal growth, behavior, and fertility under normal rearing conditions. Although the abnormal characteristics of the SgIII-KO mice were manifested under certain conditions in which the hormone demand was likely greater, the SgIII defect appeared to be compensated for by other granins or factors in living animals under normal developmental conditions, thus suggesting that redundant sorting mechanisms of prohormones and other SG constituents effectively maintain hormonal homeostasis in vivo.
Functional redundancy of the granin proteins in SG biogenesis has been suggested by the experimental findings that CgA-KO (41-43) and CgB-KO (44, 45) mice do not exhibit lethal phenotypes. Regarding the metabolic states regulated by pancreatic peptide hormones, CgA-KO mice exhibit no overt abnormalities in their growth curve and blood glucose level (42) . CgB-KO mice also appear to have normal blood glucose levels and morphological properties of their SGs in the pancreatic islets, but the stimulated secretion of pancreatic hormones, such as insulin, glucagon, and somatostatin, is substantially decreased in the islets of CgB-KO mice (45) . On the basis of findings that the expression levels of other members of the granin family are increased in CgA-or CgB-KO mice (41, 42, 44, 45) , the residual upregulated granins may have compensated for the intracellular functions of the defected granin to a certain extent. The cumulative findings for the mechanisms of prohormone sorting to SGs suggest that granins (including CgA, CgB, SgII, SgIII), CPE, and PC1/3 and PC2 form a sorting platform for cooperatively carrying prohormones to SGs through aggregation-and/or receptor-mediated processes (20, 22) [for a review, see Dikeakos and Reudelhuber (21) ]. Additionally, in our in vitro study described previously, small amounts of intact SGs, containing ACTH and another granin protein (SgII but not CgA or SgIII), have been found to remain in AtT-20 cells even after the knockdown of SgIII (23) . Although the precise mechanisms of how the defect of a certain granin chronically upregulates other residual granins remain to be investigated, the essential supply of peptide hormones and bioactive amines is likely to be ensured by redundant mechanisms for SG biogenesis, probably because hormonal homeostasis is crucial for the growth, survival, and reproduction of a living animal. The mean volume densities of islets in the pancreatic tissue and profile areas of individual islets of WT and SgIII-KO mice fed normal and HF/HS diets. Each value is expressed as the means 6 standard error of the mean. For estimation of the volume densities of pancreatic islets, 90 micrographs per experimental group were used. The numbers of islets (n) measured for each experimental group are shown in the far right column. No statistically significant differences in the volume densities among the experimental groups were detected by one-way ANOVA (P , 0.05), whereas a significant difference in the mean profile areas of individual islets was found only between the WT mice fed the normal diet (control) and the SgIII-KO mice fed the HF/HS diet by one-way ANOVA, followed by Bonferroni post hoc correction. a P , 0.01.
Although there were no apparent differences in the growth and pancreatic endocrine function between SgIII-KO and WT mice under normal conditions with a normal diet, abnormalities in the growth curve and GTT of SgIII-KO mice were observed when the mice were fed an HF/ HS diet. As previously established, fatty and sugar-rich laboratory chow induces an abnormal increase in body weight and diabetes in various strains of rodents (26, 46) . In the current study, both WT and SgIII-KO mice fed the HF/HS diet became obese compared with those fed the normal diet, but the increase in body weight of SgIII-KO mice was substantially more pronounced than that in WT mice. Because this abnormal tendency for obesity in the SgIII-KO mice fed the HF/HS diet was accompanied by glucose intolerance but not insulin intolerance, an insufficient supply of active insulin in the systemic circulation was strongly suspected as a cause of the extraordinary obesity of these mice. However, proinsulin storage was substantially increased in the pancreatic islets of SgIII-KO mice compared with the WT mice fed the HF/HS diet, based both on the immunoblot analysis (Fig. 5) and ELISA (Supplemental Fig. 1 ), thus suggesting that the intracellular conversion of proinsulin into the active form of insulin was crucially impaired by a SgIII deficiency.
To determine whether SgIII deficiency restricts blood glucose homeostasis associated with the endocrine pancreas or universally influences endocrine function, we next analyzed the pituitary corticotropes that produce ACTH in the restraint stress model, because the HPA axis is regarded as the most representative neuroendocrine pathway in the stress response, especially in terms of immobilization stress (31, 47) . After mice were exposed to 6 hours of restraint stress daily for 3 weeks, the plasma ACTH levels were markedly increased in both WT and SgIII-KO mice, although the extent of the increase in the SgIII-KO was substantially less than that in the WT mice. However, the storage of POMC, which is the precursor form of ACTH, was substantially greater in the pituitary glands of SgIII-KO mice than in WT under stress, thus suggesting that the intracellular conversion of POMC to the active form, ACTH, was impaired by a SgIII deficiency, as observed for the conversion of proinsulin into insulin in the endocrine pancreas.
Given that SgIII was markedly increased in the pancreatic islets and pituitary glands of the WT mice by the HF/HS diet and restraint stress, respectively, SgIII was required to adapt to the increased demand of corresponding hormones in response to an inadequate diet and stress. The storage levels of prohormones in the tissues were increased by the HF/HS diet and restraint Experiments were performed on littermate or age-matched mice from het 3 het breeding pairs. The data are presented as the means 6 standard error of the mean. *P , 0.05; **P , 0.01; ***P , 0.001, unpaired two-tailed t test. NS, no statistically significant differences among the experimental groups were detected by a one-way ANOVA. stress in mice for both proinsulin in pancreatic islets and POMC in pituitary glands, respectively. However, the prohormone content was much greater in these tissues in SgIII-KO mice than in WT mice after being fed the HF/ HS diet or exposure to restraint stress. The amount of the precursor form of another granin protein (SgII) was also substantially greater in the pituitary glands of the SgIII-KO mice than in those of WT mice, whereas b-granin, the proteolytically processed form of CgA, decreased substantially in both the pancreatic islets and pituitary glands of SgIII-KO mice compared with WT when the mice were fed the HF/HS diet and exposed to the restraint stress, respectively. These findings suggested that the SgIII defect crucially impaired the proteolytic conversion of prohormones into active hormones in endocrine cells, thus resulting in an insufficient supply of active hormones in the circulation that is unable to satisfy the potential increase in demand induced by an inadequate diet or stress.
The insufficient conversion of prohormones to active hormones in endocrine cells described previously suggests that SgIII may act as a cofactor that regulates proteolytic prohormone processing by PCs in the SGs in endocrine cells, similar to 7B2 for PC2 (48) (49) (50) and proSAAS protein and peptide for PC1/3 (51, 52). Because the sorting and transport of the SG contents, including PCs, Crude extract of five pituitaries from WT male mice in control or SgIII-KO males in restraint stress was fractionated via linear sucrose density gradient centrifugation. Sixteen fractions were obtained, and an ACTH level was measured for each fraction. The ACTH peak appeared at fractions 11-13. Fractionated samples (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) were analyzed for the distribution of the processing enzymes, PC1/3 and CPE, by immunoblotting. PC1/3 and CPE were accumulated heavily at fractions 11-13 in both WT in control and SgIII-KO male in restraint stress. Data are presented as the means 6 SEM (n = 3). All experiments were performed using littermate or agematched mice from het 3 het breeding pairs.
were sufficiently compensated for by other residual granins or factors, as indicated by intracellular localization of PC1/3 in the pituitary cells (Fig. 8E ) and the apparently normal size and ultrastructure of individual SGs observed in the pancreatic b cells of SgIII-KO mice, the function of PCs was likely to be severely impaired by a lack of SgIII, thus resulting in a malfunction of endocrine cells in response to various stresses.
In summary, the present analyses revealed that an inadequate diet or stress conditions induced dysregulation of the secretion of active peptide hormones from the corresponding endocrine cells in SgIII-KO mice, whereas the potential redundancy in granin protein function largely compensated for the SgIII deficiency under normal conditions. To date, only a few studies have indicated a relationship between the SgIII gene locus polymorphism and disease (53) , but our present findings suggest that a deficiency in or mutation of SgIII is an underlying cause or risk factor of metabolic and/or stress-induced disease. The step responsible for the maladaptation of endocrine cells to an inadequate diet and stress is not the sorting/ delivery processes of prohormones to the SGs; instead, it is the proteolytic processing or conversion of prohormones into the mature, active hormones in SGs. Further investigations using combinatorial KO mice related to granins [for example, double (SgII and SgIII) or triple (SgII, SgIII, and CgA; SgII, SgIII, and CPE) KO mice] are expected to clarify the details of the compensatory mechanisms for deficiencies in specific granins by the upregulation of other intact granins and the crucial role of SgIII in the proteolytic conversion of prohormones into mature, active hormones.
